Abstract-Hydrogen (H 2 ) production from biomass is considered as the main source of renewable energy, is a characteristic feature of prokaryotes. H 2 is believed as the cleanest fuel without evolution of greenhouse gases on combustion. The main biological processes for H 2 production are: biophotolysis of water by algae and cyanobacteria, dark fermentation and photo-fermentation. Since last decades, a lot of work has been carried out for understanding and refining bio-hydrogen production and still it has to overcome some of the serious limitations so that it becomes a viable proposal. The bottlenecks include thermodynamic inefficiency, trouble in using lignocellulosics as feedstock, cost of raw material and low H 2 molar yields (HMY). To get rid of these major problems, the conventional approach is inadequate and people has to dynamically think modern bioinformatics approaches to overcome these factors. The accessibility of enormous sequenced genomes, functional genomic studies, and the progress of in-silico models at the genome level, metabolic pathway reconstruction, and synthetic biology tactics predict engineering strategies to enhance H 2 production in an organism. This review examines the current status and progressions that have been made in the area of biotechnology and bioinformatics, to understand and enhance H 2 evolution to overcome current limitations and make H 2 production from biological means, a reality in the coming future.
I. INTRODUCTION
Studies on the feasibility and viable production of renewable fuels from biological means as an alternative to fossil fuels has enhanced in recent years and additionally have been increased further by various ecological problems related with fossil fuels, such as greenhouse gas emission, global warming and higher price level hikes with an unstable supply. Biological Hydrogen Production (BHP) plays a vital role since it is supposed as the sparkling fuel with no emission of greenhouse gases on combustion [1] .
Apart from wet lab experiments, in silico approaches, functional genomics, metabolic modifications on genomic level and flux balance analysis can be used to improve the hydrogen (H 2 ) producing abilities [2] . In silico models at genomic level provide a powerful resource for logical Manuscript 
II. METHODS FOR BIOHYDROGEN PRODUCTION
For H 2 production from biomass, direct or indirect bio-photolysis, photo-fermentation and dark-fermentation methods are often used. Photo-autotrophic microorganisms like cyanobacteria or green microalgae used the method of bio-photolysis that possess chlorophyll A and other pigments and has a capacity to capture sunlight and split water to make H 2 . Even though, there are some barriers in this method such as: the O 2 evolved during this method suppresses the activation of hydrogenase subunits, gas mixture formed during the process is combustible, low photosynthetic conversion efficiencies and large surface area requirement engineering of biological systems for improvement in BHP [3] , [4] . A precise genome-scale model of an organism helps us in studying the effect of environmental and genetic limitations on it, and hence these facts motivate experiments in the area of metabolic engineering. Ever since the development of the first genome scale model in Haemophilus influenzae [5] , the obtainable high-throughput biological data have been utilized professionally for structures level modeling approaches. The construction and modeling of biological components, functions and organisms non-existing in nature or redesigning present biological organizations to perform novel functions is termed as Synthetic biology [6] . In this review, we discuss the utilization of bioinformatics approaches and techniques to improve H 2 production to overcome the current difficulties (Fig. 1) . [7] .
Design of reactor is one of the most important features of H 2 production from dark fermentation. In the meantime, increasing the partial pressures of H 2 during fermentation affects the process performance. Various strategies have been reported to reduce H 2 partial pressure, among which gas sparging and vacuum application are widely used. Although, it is essential to establish an effective method for H 2 production and gain electric energy through fuel cells.
III. HYDROGEN PRODUCTION FROM OTHER RENEWABLE ENERGY SOURCES
The performance examination of H 2 production from other renewable sources have been investigated in many studies. Solar energy has been found to be the most inexhaustible; H 2 production from solar energy is considered to be the decisive solution for sustainable energy. Solar energy is also used for the technology of splitting water and can be divided into the four main categories: photochemical systems; semiconductor systems; photo biological systems; and hybrid and other systems [8] .
IV. LIMITATIONS AND IMPORTANT BARRIERS TO H 2 AND BIOHYDROGEN PRODUCTION
The main limitations in the development of H 2 production processes include economic and technological barriers. Economic barriers incorporate the cost of H 2 production and distribution, expenditure of components and materials, and competition with the fossil fuels, while technological limitations include issues like H 2 storage, compressor and distribution networks, absence of strong fuel cell technologies, and incorporation with the existing infrastructure.
V. VARIOUS APPROACHES FOR IMPROVING H 2 PRODUCTION

A. Next Generation Sequencing: Application in Bio-hydrogen Production
The exact order of nucleotides exist in any DNA or RNA molecule is determined by the method of nucleic acid sequencing. The demand for cheaper and faster sequencing methods has augmented significantly after the completion of the first human genome sequence, which led to the development of next-generation sequencing (NGS). NGS platforms allows the sequencing of millions of fragments of DNA from a single sample, which facilitates an entire genome to be sequenced in less than one day [9] .
The full benefit of NGS will not be achieved until extremely high performance computing and intensive bioinformatics support are able to interpret and utilize raw sequence data. A variety of software tools for NGS data analysis (Table I) are available online e.g. 1) alignment of reads to a reference sequence; 2) de novo assembly; 3) reference-based assembly; 4) base-calling and/or genetic variation detection (such as SNV, Indel); 5) genome annotation; and 6) utilities for data analysis. NGS appears to have almost boundless applications in the field of life sciences including H 2 and biodiesel production. The whole-genome shotgun project of C. perfringens strain JJC containing its assembly and annotation has been deposited at DDBJ/EMBL/GenBank under the accession no. AWRZ00000000 for further applications [10] . Galaxy is an open source, web-based platform for data intensive biomedical research.
https://usegalaxy.or g/ DNA sequence analysis depends on the development of novel transcriptome analysis approaches, but still techniques are highly dependent on available genomic sequence. Currently, NGS based transcriptomics method has been applied to species without reference genome sequences as well. To reconstruct metabolic network terpenoid biosynthesis pathway in green alga Botryococcus braunii race B [11] , to investigate the triacylglyceride accumulation mechanism of the unsequenced oleaginous microalgae of Neochloris oleoabundans and Chlorella vulgaris, and to investigate the transcriptomic profiling during induction of H2 photo-production in the organism Chlamydomonas moewusii via RNA-Seq [12] . The innovative transcriptomic analysis technique on C. moewusii was reported to be the first to be applied to a potential H 2 producing green alga. In another study, transcriptomic, metabolite and proteomic analyses were carried out in the H 2 -producing bacterium Clostridium butyricum to investigate the changes at the molecular level that occur when the metabolism shifts to H 2 production [13] .
B. Functional Genomics
The main objective of functional genomics is to study the gene/protein functions and interactions at the genome level. The enormous generation of genomic data from the NGS platforms in the recent years is responsible for the accumulation of genome information in databases (Fig. 2) . This creates a significant move towards gathering gene information through comparative genomics, proteomics, metabolomics and in particular, functional genomics [14] .
"Dynamic biological data fusion method" was used to re-annotate the complete proteome of E. coli K-12, for enhanced H 2 production. About 29% of the protein sequences previously annotated as imaginary have now been assigned with clear/known functions. Furthermore, the updated functional information is publicly available as a database, "REC-DB" (http://recdb.bioinfo.aukbc.org.in/recdb/) [15] .
C. Genome-Scale in Silico Metabolic Engineering
The growing oil price and environmental concerns have transformed our interest in utilizing biomass for the production of biofuel. Though, it is essential to develop high performance microbes that are capable of producing biofuels with very high efficiency in order to compete with the fossil fuel (Fig. 3) . Microbes, capable of producing different biofuels including bioethanol, biobutanol, alkane, biodiesel, and H 2 have been successfully developed by using methods such as systems metabolic engineering [16] .
Likewise, metabolic flux analysis and in-silico metabolic models study for increased H 2 production are available for a number of H 2 producers. Several organism based pathway databases such as Cyclone, MediCyc and PathCase [17] , are available that assimilates functional genomics and metabolic pathway information. Despite the presence of several databases with gene and metabolic pathway information, the pathway, metabolite and enzyme data of complete gene sets are unrevealed [18] .
D. Synthetic Biology Approach
Synthetic biology is the engineering of biological molecules in the deliberate redesign and construction of innovative biological systems and organisms that does not exist in nature to perform new functions for useful purposes. Table II shows list of tools used for functional prediction and  Table III shows tools used for pathway reconstruction and flux balance analysis. Another potential route for biological H 2 production is the conversion of biomass into formate, which can subsequently be processed into H 2 by E. coli., formate is also a widely used commodity chemical [19] . In the recent years, substantial research on H 2 producing organisms, have given visions into their metabolism and physiological properties. Before using an organism for H 2 production process on industrial level, there is a need to overcome many challenges. The present review demonstrates that the mainstream of the present challenges can be minimize by a combination of different methods using bioinformatics and biotechnology approaches starting from reactor designs to synthetic biology. Nevertheless, more research devotion is needed to implement these approaches as a vital tactic for the development of microorganisms for large scale applications on industrial level. In silico metabolic engineering at genome-scale and use of synthetic biology are especially likely to be at the front of these developments. Hence, it is possible to achieve approximately 10 mol H 2 per mol of glucose for industrialization by using the versatile bioinformatics approaches trailed by wet lab validation in the near future.
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